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Abstract
Currently the world is very dependent upon fossil fuels to satisfy the global energy
consumption. However, the adverse effects of fossil fuels necessitate the development
of alternative energy sources, e.g. solar energy. The main limitation with modern
solar cells is the cost, with 60% of the cost of silicon solar cells is the silicon layer.
BiI3 is one potentially attractive alternative to silicon. However, BiI3s efficiency is
limited compared to other solar cell types. It is hypothesized that improving grain
size of BiI3 can improve its efficiency. In this study, BiI3 was vapor-deposited onto a
BiI3 seed layer to improve grain size.
v
Chapter 1
Introduction
In the current commercial market for photovoltaics, a handful of materials are
used exclusively in the manufacture of solar cells. Among this are lead, tin, silicon,
germanium and perovskite based photovoltaic cells. While these materials are well
suited for the current market demand for solar energy, each has their own limitations
which constrains innovation and growth in the solar cell industry. Lead-halide cells
are very desirable due to their high power charge efficiency (PCE), which can reach
values upwards of 22% (Kulkarni et al., 2018). However, the downsides of lead-halide
cells include the high toxicity of lead compounds, and the lack of chemical stability
(Kulkarni). Other commonly used solar cell materials also have similar limitations
related to stability and/or toxicity (Kulkarni et al., 2018). For this reason, it is
imperative to find a material with suitable optoelectronic properties that does not
face issues related to stability or toxicity, to advance the field of photovoltaics.
One candidate material that is both stable and non-toxic is BiI3, a ceramic ma-
terial with suitable optoelectronic properties for photovoltaics. BiI3 also has a lower
melting temperature (300-400C) compared to other ceramics making it relatively easy
to process (Aguiar, Olivera, Bentos Pereira, Mombru, & Laura, 2017). BiI3 can be
used as a hole-transport layer or absorber (its most useful application) in a solar cell,
however, there are currently few documented uses of BiI3 in photovoltaics (Lehner
et al., 2015). However, in recent years, BiI3 has garnered more attention as a compo-
nent in photovoltaic cells, due to the material being able to facilitate diffusion lengths
that are conducive to photovoltaic applications (Brandt et al., 2015). Researchers are
testing the utility of using BiI3 as an acceptor in inorganic-organic solar cells (Aguiar
et al., 2017), as an absorber for single-junction cells or the top cell of two-terminal
tandem photovoltaic devices (Hamdeh, Nelson, Bhattacharjee, Petrich, & Panthani,
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2016).
Despite the advantageous optoelectronic properties of BiI3, its low toxicity and
high stability, further development and refinement of the material are required before
the material can be deemed commercially viable. The major hurdle that needs to
be overcome is the poor power conversion efficiency (PCE) values obtained for BiI3
films. The best efficiency ever recorded for BiI3 photovoltaic cells is 1.2% achieved
by Tiwari et. al. This compares poorly to Pb-halide cells (PCE of greater than
22%) and Tellurium-based solar cells (PCE of around 8-9%) (Kulkarni et al., 2018).
The efficiency of BiI3 cells are poor even compared to other photovoltaic materials
containing Bi3+ ions, as the highest recorded efficiency for Bi3+ containing cells is
6.3% (Tiwari, Alibhai, & J, 2018). This poor efficiency is potentially due to the
high frequency of defects and small grain sizes present in the BiI3 microstructure.
The most common fabrication method for BiI3 films, spin-coating, typically results
in relatively small grains. Hamdeh et. al. measured the grain size to be 113 +/-
37 nanometers, when processed using a Tetrahydro Furan (THF) solution. However,
Tiwari et. al. was able to achieve grain sizes of 700-1200 nanometers by iodinating
Bi2S3 films. It stands to reason that, by increasing the grain sizes, higher power
conversion efficiencies can be achieved.
It is hypothesized in this report that subjecting spin-coated BiI3 films to higher
temperatures for a sustained period will lead to larger grain sizes, and thus higher
power conversion efficiency values. The main barrier to melting BiI3 is the fact that,
due to the high vapor pressure of BiI3 at and near the melting point, BiI3 sublimates
when temperatures get close to the melting point (Aguiar et al., 2017). This makes
melting BiI3 impractical. However, by heating BiI3 at a temperature close to the
melting point, the BiI3 can sublime and deposit itself on a substrate that is kept
at a lower temperature. In previous studies BiI3 layer has been deposited through
this vapor sublimation or through a spin-coating (solution processing) method. In
this report, those two methodologies are combined as BiI3 will be heated so that
it sublimes onto an existing BiI3 layer in place from spin-coating. The goal is this
combination method will produce larger grains and higher coverage of BiI3 over the
2
substrate as compared to these methods individually.
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Chapter 2
Background Information
2.1 Need for Solar Energy
In the first half of the 21st-century, the global energy demand is expected to
increase considerably. It is expected that the World energy use will grow by about
28% between 2050 and 2040 (Doman, 2017). Most of this growth (about 60%) will
come from Asia, particularly China and India. While renewable energy sources are
expected to grow at a faster rate than non-renewable sources during this timeframe,
fossil fuels will still account for 75% of energy consumption through 2040.
Human consumption of these fossil fuels lead to adverse environmental impacts
such as land degradation, water pollution, and an increase in airborne emissions
(Denchak, 2018). Burning of Fossil Fuels leads to an increase in carbon emissions,
which in turn traps greenhouse gasses, and exacerbates global warming. According
to the NRDC (Natural Resources Defense Council), burning Fossil Fuels leads to
three-quarters of all carbon emissions in the United States. In addition to airborne
emissions, as much as a quarter of man-made carbon emissions are absorbed by
the oceans, leading to a 30% rise in ocean acidity, leading to slower marine animal
growth rates, weakened shells and depleted food chains. The conditions of our skies
and oceans will only deteriorate as carbon dioxide concentration in our atmosphere
continues to grow. The concentration of CO2 in the atmosphere has recently reached
412ppm, 10% increase over 40 years (Observatory, 2019).
Solar energy has the potential to replace fossil fuels as a method of meeting energy
consumption, which would in turn help mitigate the damaging effects burning fossil
fuels have on the atmosphere and oceans. Every year, 28,000 TW of solar power
reaches land masses (Doman, 2017). This is significantly larger than the amount of
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power received from other renewable resources. For example, only 72 TW of Wind
Power is received globally on an annual basis. The current global annual energy
demand is only 17 TW. As a result, 0.06% of solar power received needs to be captured
and utilized to meet 100% of energy demand. This necessitates research into making
solar cells more economically viable and efficient to help meet global energy demand
and replace fossil fuels.
2.2 Current State of Solar Cell Technology
There are three generations (or categories) of solar cells on the market or in
development today (Kibria, Ahammed, Sony, Hossain, & Ul-Islam, 2014) . The
first-generation solar cells are expensive ($150 to $500 per m2) and inefficient (¡30%
efficient). Second-generation solar cells are much cheaper to produce (¡$100 per m2)
but less efficient (¡20%) than the previous generation. Third-generation solar cells are
more efficient (up to 60%) and relatively cheap (¡$200 per m2) as compared to the first
two generations. However, third-generation cells are not yet available commercially.
1st-generation solar cells (Kibria et al., 2014) are produced on wafers and consist
of two sub-types: multi-crystal and monocrystal cells. Monocrystal cells have higher
efficiencies while multi-crystal types are less expensive. 1st generation solar cells are
typically based upon silicon. The second-generation category is comprised of Silicon
thin films, mc-Silicon solar cells, CdTe solar cells and CIGS (Copper Indium Gallium
Selenide) solar cells. The 3rd generation of solar cells include the developmental
categories of solar cells. Specific types include nanocrystal based solar cells, polymer
based solar cells, dye sensitized solar cells and concentrated solar cells.
Despite the relatively high efficiencies, the major limitation with 1st generation
silicon-cells is the high costs due to the complex nature of silicon fabrication (Kibria
et al., 2014). 2nd generation solar cells are preferred for their lower cost as well as
higher absorption coefficients and ability to occupy both vacuum and non-vacuum
processes.
Recently, silicon heterojunction (SHJ) solar cells have received a lot of attention
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Figure 2-1: Average cost per wattage for residential and utility-scale solar energy
(2012-2017) for US compared to other regions
due to the cost benefit compared to conventional crystalline silicon solar cells (Louwen,
van Sark, Schropp, & Faaij, 2016). The costs of current SHJ models range from 0.31
to 0.35 USD per watt-peak (Wp). About 0.18 to 0.22 USD of this price comes from
the cost of the silicon wafer itself. A bulk of the cost of these cells come from the high-
cost of silicon; photovoltaic-grade silicon costs 16.47 USD/Kg. These cells have cell
efficiencies ranging from 19.4% to 23.3%. The costs to the consumer per watt of solar
energy varies depends on end-use: residential, non-residential or utility-scale. In the
United States, residential solar energy costs $2.55 to $4.47 per Watt, non-residential
costs $1.53 to $2.98 per watt and utility-scale solar energy costs between $0.96 and
$1.64 per watt (Feldman, Hoskins, & Margolis, 2017). The residential cost per Watt
is higher in the US than the global average. Globally residential solar energy costs
about $2 per watt on average, and is even lower in China and India (See Figure 2-1)
2.3 BiI3 Solar Cells
Bismuth (III) Iodide (BiI3) is a transparent material that has recently been studied
for its potential applications in photovoltaics as a hole-transport layer (HTL) (Lehner
et al., 2015) and has also received interest for its potential to be used as an alternative
to crystalline silicon as an absorber material for photovoltaic cells due to its low cost
and suitable optoelectronic properties (Tiwari et al., 2018), including diffusion lengths
that are conducive to photovoltaic applications (Brandt et al., 2015) . BiI3 can be used
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as an absorber in single-junction cells or in the top cell of two-terminal tandem devices
(Hamdeh et al., 2016). BiI3 can also be used as an acceptor in inorganic-organic solar
cells (Aguiar et al., 2017). BiI3 has the potential to be a low-cost material because
it can be deposited easily as a thin-film layer, requiring less material (Diaz-Torres,
Gomez-Solis, & Coutino-Gonzales, 2018). BiI3s high electron mobility allows the
material to work favorably as a thin-film (Tiwari et al., 2018). The band-gap of BiI3
is in a range that makes it a suitable candidate material for absorption. The band gap
is often reported to be 1.67 eV, but estimates range from 1.43 to 2.2 eV (Diaz-Torres
et al., 2018). The material also has a high absorption coefficient (above 105 cm−1)
allowing for high photo currents within the thin films (Brandt et al., 2015). This is
substantially higher than the absorption coefficients in other common materials used
in photovoltaics, e.g. Silicon and Gallium arsenide (Hamdeh et al., 2016).
In addition to the optoelectronic properties, BiI3 has several advantageous me-
chanical properties as well. The material has excellent mechanical stability, flexibility
and reliability, as tested using a bend test method (Wei). BiI3 is relatively stable
against humidity, heat stress (100C) and soaking, especially compared to tin and ger-
manium (Kulkarni et al., 2018). BiI3 is also nontoxic, unlike lead based compounds
used in photovoltaics (Hamdeh et al., 2016).
Despite the many optoelectronic and mechanical advantages that BiI3 provides
versus alternative materials, there are many challenges with the material, particu-
larly with the microstructure. BiI3 is susceptible to a variety of micro-level defects,
especially stacking faults (Johns). In addition, the grain size of BiI3 when produced
using conventional solution processing methods is quite small and the crystal sizes
vary greatly within a sample (Aguiar et al., 2017). It is hypothesized that the small
grain size is due to rapid solvent evaporation, especially if dimethylformamide (DMF)
is used as a solvent (Kulkarni et al., 2018). When solution processed using tetrahy-
drofuran (THF) as a solvent, the resulting grains are small: 113 plus or minus 37
nanometers (Hamdeh et al., 2016) (See Figure 2-2). However, larger grains were
able to be produced if Bi2S3 is spin-coated and then iodinated to form BiI3. The
grains produced using this method ranged from 700 to 1200 nanometers (Tiwari et
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Figure 2-2: Existing experiments show grain size resulting from solution-processed
BiI3 is quite small (a couple hundred nanometers).
(Hamdeh, Nelson, Bhattacharjee, Petrich, & Panthani, 2016)
al., 2018). This method of iodinating Bi2S3 resulted in a power charge efficiency
(PCE) of 1.2%. This efficiency is among the highest efficiencies achieved with a BiI3
solar cells, however is much lower than other types of cells (i.e. silicon).
The PCE values of current BiI3 cells (¡1.2%) are significantly lower than the ef-
ficiency of competing materials. For example, lead-halide cells have PCE values of
greater than 22% (Kulkarni et al., 2018). However, many lead-halide cells have sta-
bility limitations. For example, PbI3 has high efficiency values but is not very stable,
often forming PbI2 as a degradation byproduct (Kulkarni et al., 2018). Tin-based
perovskite solar cells have PCE values of 6-8% (Wu) but suffer from limitations due to
spontaneous oxidation (Kulkarni et al., 2018). Other compounds with the Bi3+ ion
outperform BiI3 cells, with the highest efficiency for Bi3+ materials achieved being
6.3% (Tiwari et al., 2018).
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Chapter 3
Methodology
3.1 Analysis of Processing Methods of BiI3 Films
In the first section of the analysis, BiI3 films were analyzed by depositing them di-
rectly onto Fluorine-doped Tin Oxide (FTO) substrates. This was done as a screening
method to determine which deposition methods would produce the best microstruc-
ture. FTO-coated glass was cut into 20 by 25 cm sections and then cleaned before
BiI3 was deposited. To clean the FTO, the glass pieces were placed in a dish with
conducting side faced up and immersed in a solution that was equal parts acetone,
isopropyl alcohol and deionized water, then sonicated for 5 minutes. The glass was
then rinsed with deionized water. The above process of sonication was then repeated
two additional times. After the third sonication, the glass pieces were immersed in
isopropyl alcohol, sonicated for 5 more minutes and then rinsed a final time with
deionized water. The glass samples were then promptly air-dried.
The first set of experiments all took place within a tube furnace, with samples
that had a seed layer of BiI3 deposited before exposure to the furnace. The seed layer
was deposited onto the FTO using solution processing (spin-coating). A 100 mg/mL
BiI3 solution in THF or DMF was prepared. 200 microliters of the BiI3 solution was
dispensed onto the FTO substrate, and the substrate was then spun at 3500 rpm for
35 seconds. The samples were then placed on a hot plate set to 150C and annealed
on the hot plate under a petri dish for 20 minutes.
After the BiI3 layer was deposited onto the FTO, the glass was cut into half to
allow for a reference and experimental sample. The experimental sample was placed
in a ceramic combustion boat suspended by wires with the BiI3 layer faced down (see
Figure 3-1 below). The bottom of the boat was filled with 99% pure BiI3 powder.
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Figure 3-1: Setup showing setup of combustion boat prior tow wrapping and place-
ment in furnace
The entire combustion vessel was then double-wrapped in aluminum foil and placed
at the center of a glass tube, which was placed inside a tube furnace. In some trials,
either Nitrogen or Argon gas was fed through one end of the tube during the entire
heating process, while the other end was left open to a duct. In other trials, Argon
gas was fed into the tube for a couple of minutes while leaving the other end of the
tube closed. The flow of Argon was then stopped prior to the heating process, but the
tube remained closed on both ends. For the heating process, the furnace was set to
heat up at a ramp rate of 5C/min until it reached its set temperature (which varied
throughout the trials), and was held at the set temperature for a variable period
of time. The samples were then allowed to cool to room temperature before being
removed from their vessels. The BiI3 films were then visually inspected for coverage
and other visual characteristics.
The following samples were run just as Samples above, except without an inert
gas flowing through. All trials were run in a stationary Argon environment achieved
by flowing Argon into a closed tube at xx mg/mL for 2 minutes. All samples in the
10
Figure 3-2: List of Trials run with inert gas (Ar or N2 flowing during entire heating
process)
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Figure 3-3: List of Trials run in a stagnant inert gas environment (Ar or N2)
below table had films solution processed in THF.
Samples D2 and E1 were processed using a confined enclosure method in which
only the portion of the combustion vessel containing the sample was left open The
rest was filled with aluminum foil to create a smaller enclosure (see Figure 3-4 below).
In addition to the trials conducted inside the tube furnace, several trials were
conducted in which the samples were processed over a hot plate. Two different meth-
ods were used to process BiI3 samples over a hot plate. In Method 1, the sample
was taped to the inside top surface of a glass petri dish with the BiI3 layer facing
down. The bottom of the petri dish was covered with 99% purity BiI3 powder. In
Method 2, a combustion boat was setup as in Figure 3-4 above, except it was left
unwrapped. The combustion boat was then placed underneath a glass petri dish.
In both methods, the petri dishes were placed over a hot plate that was heated to
300 or 350C. The petri dish was then left on the hot plate for 20 minutes to allow
the BiI3 powder to sublime onto the sample. After a set period of time, the samples
were allowed to cool to room temperature, removed and the back was cleaned with
acetone to remove tape residue. Some trials were run without a BiI3 seed layer. In
those trials the BiI3 powder was sublimated directly onto the FTO substrate. Some
samples were annealed (at 150C for 20 minutes) following heat treatment. In Method
12
Figure 3-4: Confined enclosure method
1, 10 grams of BiI3 powder were used, while 1 gram was used in Method 2.
Table XX: List of Trials run over hot plate (See Figure XX for photos of Method
1 and 2)
Figure XX: Picture of Method 1 (left) and Method 2 (right) for heat treatment
over hot plate
3.2 Analysis of Thermal Processing Methods for
BiI3 Solar Cells
Following the screening study performed as describe in Section 3.1, complete solar
cells were fabricated and processed using the methods shown to be the most effective
at producing quality films. To begin, FTO-coated glass was cut into 20 by 25 cm
sections and cleaned according to the procedure from Section 3.1. First a compact
TiO2(c-TiO2) layer was deposited onto the FTO substrate. To produce the c-TiO2
layer, 0.15 M and 0.3M solutions of Titanium di(isopropoxide) in 1-butanol were
13
Figure 3-5: List of Trials run over hot plate (See Figure 3-6 for photos of Method 1
and 2)
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Figure 3-6: Picture of Method 1 (left) and Method 2 (right) for heat treatment over
hot plate
prepared. Then, 100 microliters of the 0.15M solution was pipetted onto the substrate.
A piece of tape was used to keep a small portion of the sample free of TiO2. The
sample was then spun at 2000 RPM for 30 seconds. The tape was then removed,
and the portion where the tape was, was cleaned with deionized water. The sample
was then annealed over a hot plate, under a petri dish, at 125C for 5 minutes. This
process was repeated twice, except with the 0.3M solution. Finally, the samples were
annealed over a hot plate, under a petri dish, at 500C, for 20 minutes.
Following the application of the TiO2 layer, a BiI3 seed layer was deposited on
some of the samples. The seed layer was deposited by spin-coating 50 mg/mL BiI3
in THF solution onto the sample at 3500 rpm for 35 seconds. A piece of tape was
used to leave an exposed FTO section. The FTO section was then cleaned with
deionized water, and the sample was annealed at 150C. Then all samples, those with
and without a BiI3 seed layer, were taped to the top of a glass petri dish (with BiI3
layer facing down). 10 grams of 99% pure BiI3 was placed on the bottom and the
petri dish assembly was placed on a hot plate set to 300C for 20 minutes. Aluminum
foil was used to cover the portion of the sample with exposed FTO. After 20 minutes
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the samples were allowed to cool to room temperature, and the tape residue was
removed with acetone. Samples that did not have a BiI3 seed layer, were annealed at
150C for 20 minutes. Following the heat treatment and/or annealing, SEM images
were taken of the samples. A Phenom G1 SEM machine with 1 120x to 24,000x
magnification range was used for procurement of the SEM micrographs. par Next, a
CuSCN layer was deposited onto the samples. A 0.45M solution of CuSCN in diethyl
ether was prepared, and then filtered using a 0.2 micrometer filter. Each sample was
covered with a piece of tape to cover the exposed FTO and spun to 4500 rpm. Once
max rotational speed was reached, 50 microliters of CuSCN was deposited onto the
sample and the rotation continued for 30 seconds. A thermal evaporator was then
used to deposit several gold contacts onto the CuSCN-covered section of the samples.
Finally, the samples were placed in an apparatus to generate current versus voltage
curves and PCE (Power Conversion Efficiency) values were calculated.
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Chapter 4
Results and Discussion
4.1 Results from Processing BiI3 films
The goal of the screening stage of this study was to determine which processing
parameters produced optimal BiI3 thin films. These optimal parameters were then
used in the second stage of the study (see Section 3.2, above). For initial investigation,
100 mg/mL solutions of 99%-pure BiI3 powder were made using two solvents: THF
and DMF. After spin-coating and annealing both solvents onto FTO substrate under
identical conditions, the films were physically inspected for thickness and coverage on
the substrate. It was determined that the films produced with THF as the solvent,
produced better coverage and thicker films versus the film produced with DMF solvent
at identical concentration (See Figure 4-1 below). This confirms the conjecture made
by Hamdeh et. al., which stated that film quality could be improved by switching
from DMF to THF as the solvent.
In addition to DMF providing poor film characteristics on the FTO substrate fol-
lowing the spin-coating and annealing stages, the films held up poorly when subjected
to heat treatment (see Figure 4-2). Following 60 minutes of exposure to a furnace
set at 300C or 350C both resulted in the BiI3 completely subliming from the FTO
substrate.
The samples that consisted of spin-coated BiI3 films on FTO substrate, had mixed
results in terms of stability following heat treatment. Sample A1, which was held at
300C for 60 minutes and Sample D1, which was held at 350C for 15 minutes, had
the least amount of BiI3 subliming off, based on a visual inspection. Samples that
were held at 350C for an hour (Samples B1 and C1) had a significant amount of
degradation of the BiI3 film
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Figure 4-1: A comparison of spin-coating 100 mg/mL solutions of BiI3 in DMF (Left)
and THF (Right) solvents
Figure 4-2: Samples consisting of spin-coated BiI3 films subjected to 300C (right)
and 350C (left)
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Figure 4-3: Picture showing Samples A1 (left), D1 (right), B1 (bottom) and C1 (top)
following respective heat treatments
Subjecting the BiI3 samples to heat treatment in a furnace set to 350C for time
periods 45 minutes or longer led to significant evidence of degradation of the BiI3 layer.
This was even in cases where a confined space was created within the combustion
vessel, by using aluminum foil to occupy the vacant space. See Figure 4-4 for pictures
of samples following heat treatment in a 350C furnace for 30 or 60 minutes.
While visual inspection appeared to indicate partial or total degradation of the
BiI3 layers for the samples processed in a furnace, there was little evidence of BiI3
degradation when samples were processed over a hot plate. Furthermore, there ap-
peared to be additional deposition of BiI3 onto the existing layer due to sublimation.
After the samples were processed over a hot plate at 300C for 15 or 20 minutes, the
BiI3 layers remained in tact (see Figure 4-5 below)
In addition to producing intact layers of BiI3 following processing, processing
samples over a hot plate with BiI3 powder placed within the enclosure led to deposition
of BiI3 onto bare FTO substrate. Samples that did not previously contain BiI3 layers,
were able to grow a BiI3 by subliming BiI3 onto the FTO over a hot plate (See Figure
19
Figure 4-4: Samples subjected to heat treatment at 350C for 30 minutes (top right
and bottom right) and 60 minutes (top left and bottom left).
Figure 4-5: Samples after being processed over hot plate for 20 minutes (left) and 15
minutes (right) at 300C
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Figure 4-6: Results of BiI3 subliming onto bare substrate for 20 minutes at 300C (top
and bottom) and 350C (left).
4-6). Based on the encouraging results from the hot plate experiments, it was chosen
to fabricate complete cells by processing them over a hot plate for Part 2 of the
experiments.
4.2 Results of Cell Fabrication Study
During the second phase of the study, cells were processed over the hot plate in
two ways: by allowing BiI3 to sublime onto a bare c-TiO2 layer, and by allowing
the BiI3 to sublime onto an existing seed layer of BiI3, which was spin-coated onto
the c-TiO2 layer. Simple visual inspection led to discerning no noticeable difference
between samples with and without a spin-coated seed layer (see Figure 4-7).However,
the difference between the two samples with vapor deposition were noticeably different
than the sample that consisted of a spin-coated seed layer.
Following examination with an SEM microscope, the differences in the microstruc-
ture characteristics of the samples became more apparent (see Figure 4-8). The sam-
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Figure 4-7: Samples with ONLY BiI3 seed layer (left), ONLY sublimated vapor de-
position layer (middle) and with a sublimated layer on top of an existing seed layer
(right).
ple that featured only a spin-coated BiI3 layer, featured excellent coverage over the
substrate, but small grains (¡500nm). The sample that featured only vapor deposition
with no spin-coating featured large grains (1-5 m), the coverage on the substrate was
quite poor, with many gaps in the BiI3 layer. The sample that featured a spin-coated
seed layer and a vapor-deposited layer featured large grains (¿10 m) and excellent
coverage of crystals over the substrate.
Despite the improvement in morphology, the PCE values achieved for cells created
from the thermally processed films were significantly lower than values reported in
literature. Cell A3, which featured a spin-coated layer using 25 mg/mL BiI3 solution
in THF and a vapor deposition layer had the highest PCE value of any cell tested
with 0.0258%. Cell A6, which consisted of BiI3 deposited directly onto TiO2 had a
PCE value of 0.0101%. Cell A7 (a seed layer processed with 10 mg/mL solution plus
vapor deposition) had a PCE of 0.00167%. Cell 4 (a seed layer produced with a 50
mg/mL solution plus vapor deposition) had a PCE of 0.00287%.
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Figure 4-8: SEM Images of thermally processed BiI3 thin films.
23
Chapter 5
Conclusions and Recommendations
From the SEM micrographs detailed in Chapter 4 before, the limitations from a
microstructure point-of-view of depositing BiI3 layers via spin-coating are apparent.
Samples whose BiI3 layer consisted solely of spin-coated BiI3 without vapor deposition
featured poor surface morphology with small grain sizes. Samples that did not have
a spin-coated BiI3 seed layer had larger grain sizes but poor coverage with large gaps
in between grains. However, combining spin-coating and vapor deposition methods
together produced surfaces with very large grains (a full order of magnitude larger
than values obtained in literature) and great coverage with few gaps between grains.
While the surface microstructure characteristics of the layers were improved by using
a combination vapor deposition and spin-coating (solution processing) method, there
was no evidence that this combination method yields higher efficiency values. It is
hypothesized that these samples are too thick and not transparent enough to allow
for accurate efficiency values. It is recommended that future studies looking into the
optimization of BiI3 processing methods use a combination method of spin-coating
and vapor deposition because it provides excellent surface characteristics. However,
to improve efficiency, it is recommended to try altering the parameters for vapor de-
position to reduce film thickness, and hopefully increase power conversion efficiency.
Using dilute BiI3 films for the spin-coating step did not result in appreciably thinner
films, so it is suggested that controlling vapor deposition parameters would be the
most effective way to arrive at thinner films. It is recommended to use shorter de-
position times (10 to 15 minutes) and lower sublimation temperatures (¡300C). It is
not recommended to use deposition times of lower than 10 minutes, because it takes
approximately 10 minutes at 300C for sublimation of BiI3 to commence. The hope
is that by lowering deposition times and deposition temperatures, thinner films that
24
are more transparent and result in higher photovoltaic efficiencies can be fabricated.
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